A NEW method of flame weeding in •^*-row crops -the air-curtain flamerwas developed and tested by Lalor and Buchele (1, 2)*. To approach the design of this machine systematically and to improve the design of other flame weeders, a knowledge of the thermal sensitivity of crops and weeds was needed. Thermal sensitivity of corn and soybeans was studied. Thermal treatments to which these plants were subjected and the resulting thermal damage to their foliage are presented in this paper. The effect of the thermal damage on the ultimate yield of the crops was, however, not studied. LITERATURE 
REVIEW
In this report, the exposure temperature, T, means the temperature of the medium to which the plant material was exposed; the exposure time, t, is the time for which the material was exposed to the medium and the term "exposure" refers to any combination of t and T from the set of all possible pairs (t, T).
The exposures to which plants are subjected by flame weeders are not known exactly. Attempts have been made, however, to measure the temperatures reached in the tissues of plants during flame weeding (Mathews and Tupper (3)), but no information is available about the time for which these temperatures were maintained; the exposures were, therefore, not known. The temperature pattern within the flame from a flame-weeder burner has been studied (Liljedahl et al. (4) ). The associated exposure times at various forward speeds could be estimated from the temperature distribution, but the effects of thermal exposure on plant tissues were not reported. The exposure temperatures produced by the newly developed air-curtain flame weeder were studied (Lalor (5) ) and the machine was designed so that the exposure times could be controlled within reasonably close limits.
The objective of this investigation was to determine the allowable exposure times for the expected range of exposure temperatures to which corn and soybeans would be subjected by the new flamer. The allowable exposure time is the exposure time for which only slight damage would result to the foliage.
Development of Mathematical Models
The concept of thermal destruction of living matter and enzymes is well known in the food processing industry. For example, the thermal destruction of the enzyme thiamine has been studied and the results were presented by Ball and Olson (6) . Contours of constant percentage destruction of thiamine were plotted on axes where the ordinate was log(t) and the abscissa was T. Equation [1] represents an arbitrary contour and only k d , the intercept on the log(t) axis, varied from one contour to another.
In equation [1] , k T is the slope of the contour. Collander (7) and Yarwood (8) found a relationship similar to that of equation [1] when various amounts of thermal injury were inflicted on plant tissue by immersing it in water at various temperatures. Examination of the data presented by Ball and Olson (6) showed that k d in equation [1] was approximately related to the percentage damage, D, by equation [2] when D was less than 30 percent: k d = m 0 + nij log(D) .... [2] In equation [2] m 0 and m 1 are constants. Substituting equation [2] into equation [1] gives D as a function of t and T:
The bi in equation [3] are constants to be determined experimentally.
Batchelder and Porterfield (9) investigated the exposures required to produce complete thermal destruction of the foliage of cotton plants and used the polynomial relationship, given in equation [4] , to relate D to T and the forward speed, s, of the equipment. The exposure time is inversely related to s. D = c 0 + CjS + c 9 s 2 + c 3 s 3 + diT + d 2 T2 + d 3 T3 + ksT . . [4] In equation [4] the subscripted symbols are regression coefficients. This procedure required the evaluation of eight parameters from the data as opposed to three parameters if equation [3] had been used as a model. Equation [3] is an empirical relationship in which the b { were estimated from experimental data. In doing this, the contribution to the model of a linear term in t was also studied and found significant in most instances. This led to equation 5 which, together with equation [3] forms the basis for the regression analysis presented later. log(D) = b 0 + b, log(t) + b 2 T + b 3 t .......... . [5] EQUIPMENT AND PROCEDURES Equipment was designed and an experimental procedure developed to expose plants, under laboratory conditions, to known temperatures for known times. Plants for the experiment were grown in boxes designed to be carried on a cart that ran on rails in the laboratory. The speed of the cart was variable and was recorded from signals generated when the cart wheels passed over microswitches located at four points along the rails. The exposure time was preselected by passing the plants, at a predetermined speed, through a region of controlled temperature.
Air was heated by projecting flames from two propane-gas burners into a duct downstream from a fan delivering approximately 2,300 cu ft of air per min. The air temperature was varied by changing the gas pressure to the burners. The hot mixture was diverted into two smaller, horizontal ducts placed perpendicular to the rails; one duct was located on each side of the rails. The two ducts were arranged coaxially and a 10 in. gap was left between their ends (over the centerline of the rails). The hot mixture from each duct was discharged toward the centerline of the rails on a collision course with the discharge from the other duct. The heated air thus tended to flow outward from the gap between the ends of the ducts. Two conventional air curtains, one immediately uprail and the other immediately downrail from the ducts, laterally confined the air to the region between the ends of the ducts by allowing only essentially upward and downward flow. When the box of plants was passed into this region, the plant leaves were subjected to a step temperature increase as they passed through the uprail air curtain. In the 18-in.-long region between the two air curtains, the leaves were subjected to the desired exposure temperature. They then returned to room conditions through a step decrease in temperature as they passed through the downstream air curtain. Fig. 1 is an example of the temperature pattern to which the plants were subjected as they passed through the exposure apparatus.
The exposure temperatures were recorded by an eight-channel oscillograph to which eight thermocouples were connected. The thermocouple positions are shown in Fig. 1 in relation to the position of the air curtains; they were located above the centerline of the rails. An external event marker on the oscillograph recorded the information required to calculate the cart speed (and, hence, the exposure time). Because the exposure time and exposure temperature data were simultaneously recorded on the same chart, a complete record of each exposure was obtained. Fig. 2 shows the experimental apparatus.
Because essentially no information
FIG. 2 Laboratory equipment.
was available concerning the range of time-temperature combinations that would produce results varying from complete survival to complete destruction of the foliage, the first experiment with both corn and soybeans was necessarily exploratory and served mainly to identify the region of interest. Table  1 shows the exposures used for the first experiment. Because of the nature of equation [3] the exposure temperatures selected differed by equal logarithmic increments. Due to inherent limitations of the device used to control the cart speed and the air temperature, it was not always possible to preselect the desired exposures, but the values shown in Table 1 were closely adhered to. The results of experiment I are summarized in Table 1 . A second experiment was planned by using the outcome of experiment I as a guide. Table 2 shows the exposures used and the summarized results. When compared with Table 1, Table 2 shows that the results of the two experiments were consistent and that the boundaries of the subset of exposures causing partial leaf destruction were more clearly identified. Based on the results of the first two experiments, a third experiment was designed and performed. The results are summarized in Table 3 , and they show that all the exposures produced partial destruction of the foliage.
The process of exposure selection used in designing the experiments, ensured that the damage produced ranged from slight to moderate rather than from moderate to severe.
Data Collection and Results
To analyze the experiment quantitatively, exposed plants were randomly selected for examination. After all the visible effects of the treatment had developed on the leaves, the percentage of the foliage remaining green was estimated by dissecting away the dead part of the leaves and expressing the dry weight of the dead part as a percentage of the dry weight of the entire leaf. Fig. 3 shows partially damaged leaves when viewed with light transmitted through the leaf. The thermally injured leaf areas were more opaque and appeared darker in reflected light than the uninjured areas. This color difference aided in distinguishing damaged from undamaged tissues when the plants were dissected.
In the first two soybean experiments, three leaves were removed from one randomly selected plant in each box. The leaves removed were (a) the pair of unifoliolate leaves (considered here as one leaf), (b) the lowest (oldest) trifoliolate leaf and (c) the highest (youngest) fully developed trifoliolate leaf. In the third soybean experiment, To obtain samples from corn, two plants were randomly chosen from each box and the foliage above the base of the fourth leaf was removed and dissected. This procedure was followed in all the corn experiments. The soybeans were 6 to 8 in. high and the corn was in the 6-to 8-leaf growth stage.
DATA ANALYSIS
The least-squares estimates of the parameters of equations [3] and [5] were calculated from the data resulting from each individual experiment. The exposure times and temperatures actually recorded were used in the regression analysis instead of the nominal times and temperatures given in Tables  1, 2 , and 3. To avoid the occurrence of log(o), log(D+l) was used as the dependent variable. The regression functions were, therefore, In examining the performance of the proposed models, it was discovered that a better representation of the thermal destruction process was achieved if data, for which D was either 100 or 0, were omitted from the regression analysis. Unless it was known with certainty that the omitted data were either at the point of incipient damage or at the point at which damage was just complete, the omission was justifiable.
Because each experiment was independent of the others, the performance of a model, whose parameters were estimated from one set of data on a particular species, could be tested by using it to estimate the outcome of the exposure used in the other experiments with the same species. The estimates thus obtained were compared with the observed results by calculating the simple linear correlation and the mean difference between the estimates and the observations. Calculation of the mean difference, d, was necessary because good correlation could be obtained if the estimated values lay on a response surface similar in shape to the true response surface but at a different height. Tables 4 and 5 show the results of the least-squares regression analysis used to determine the bj of equations 6 and 7. Tables 6 and 7 show the results of the correlation analysis used to compare the predictions with the observations. Except for predictions associated with the data from the first soybean experiment, the models gave a reasonably good representation of the data. This was considered justification for assuming that all the data belonged to the same population and could, therefore, be pooled to provide better estimates of the parameters of the models. The results of the analysis of the pooled data are also given in Tables 6 and 7 . The poor performance of the model calculated from the first soybean experiment was attributed to insufficient data to permit accurate estimation of the parameters.
In the foregoing analysis, the regression equations developed relate log-(D+l) to a function of time and temperature. Because taking logarithms is a nonlinear transformation, the values given for the coefficient of determination, R 2 , in the regression analysis are not equivalent to the squares of the correlation coefficients arrived at in the correlation analysis. The correlation coefficients directly relate the predictions to the observations and are, therefore, more meaningful evaluators of the acceptability of the predicting equations.
Figs. 4 and 5 show contours of constant percentage survival as calculated from the regression equations derived from the pooled data. The relevant regression model is that given by equation [7] because the contribution of a linear term in t (time) was found to be significant. The corn was more easily damaged by exposure to heat than were the soybeans. Also, the transition from slight to severe damage was more abrupt in soybeans than in corn. This was seen very clearly during the experimental work and can be explained, at least in part, by the fact that the corn leaves were rolled and hence not as completely exposed to the heat as were the soybean leaves.
In examining the data and their representation by the regression equations, it was noticed that, in the region where D was less than 10 percent, the estimate given by the regression model was good. To exploit this further (since this is the region of the time-temperature space of greatest interest), the data where D was less than or equal to 10 percent were pooled and subjected to a regression and correlation analyses in the same way that the complete data were analyzed. The results are shown in Table 8 and the contours of constant percentage survival (or destruction) are given in Figs. 6 and 7 . The model represented by equation 7 was used in calculations for the contours.
Discussion
The experimental results and their analysis showed that thermal exposure produced variable results on the leaves of a given plant species. The variation was more noticeable on soybeans than on corn. Though greater exposure was required to inflict slight damage on soybeans than on corn, a small increase in exposure produced an avalanche effect which resulted in severe damage to soybean leaves; this was not observed in the case of corn. The transition phase between slight and severe damage to soybeans was thus characterized by instability with the avalanche point varying greatly from one plant to another and even from leaf to leaf on the same plant. Corn, on the other hand, exhibited a smooth transition from slight to severe damage but in no instance did complete destruction of the foliage occur. These observations correspond to field observations made when using flame weeders. During flame weeding it is almost impossible to cause only slight damage to soybeans, either they are unharmed or are severely damaged.
For corn, severe overexposure is required during flame weeding to produce severe thermal damage to the leaves. The same observation applies to grassy weeds; they are usually difficult to kill outright by flaming, whereas small broadleaved weeds are easily killed.
The soybeans exhibited two unexpected differences in thermal sensitivity among leaves on the same plant. First, contrary to commonly held opinion, the developing leaves suffered less damage than did the older leaves when subjected to the same exposure. This may have been partly due to some physiological difference (such as moisture content) between young and old leaves. Furthermore, the young leaves had a more dense covering of hair than had the old leaves. This could have inhibited the heat flow into the leaf, thus causing less injury to young leaves (for a given exposure) than to mature leaves. Second, the cotyledon leaves were damaged only by severe exposures; these leaves were very thick and fleshy and consequently had less surface area per unit weight than true leaves. This could partly account for their resistance to thermal injury. These observations suggest that the possibility of flaming emerging soybean seedlings should be investigated.
In using either the regression equations or the contours in Figs. 6 and 7 , the outcome of a single exposure cannot be expected to be accurately predicted, but the outcome of several repetitions of the same exposure can be estimated. This means that a factor of safety must be employed in selecting the protection to be given a crop during flaming. This is a common situation in engineering design and, while good predictability of design performance is desirable, the application of a safety factor in the design calculations should present no problems.
The results of the laboratory experiments reported here have been borne out in our field studies with the aircurtain flamers. Soybeans were successfully protected from thermal injury but corn was slightly damaged on many occasions. The exposures to which the crops were subjected during field flaming were not measured directly, but studies of the air-curtain flamer showed that temperatures of 200 F to 300 F were maintained for 0.3 sec to 0.4 sec and the expected results of such exposures can be deduced from Figs. 6 and 7. These contour diagrams show that little damage should result to soybeans and that corn could be expected to suffer slight damage around the leaf margins. The injuries actually observed in the field fitted these expectations. 
